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In peripheral vision, high-frequency gratings beyond the Nyquist limit are visible as aliased 
patterns but, as shown previously, their visibility can be masked by superimposed sub-Nyquist 
gratings. Is the converse also true? Can supra-Nyquist gratings affect the detectability of sub- 
Nyquist gratings? In this study, we investigated the masking effect of high contrast, supra-Nyquist 
components of a compound grating on the contrast detection of sub-Nyquist components by 
employing a temporal three-alternative, forced-choice (3AFC) masking paradigm. We found that 
high-frequency, aliased gratings with contrast just 2 or 3 times above threshold can have a powerful 
masking effect on low-frequency, resolved gratings in peripheral vision. This result was surprising 
because prior results from sub-Nyqulst masking studies in the fovea and the periphery have 
indicated that masking occurs only when the mask contrast is at least 5 times greater than 
threshold. Strong masking by supra-Nyquist gratings that are only just visible may be accounted 
for by an irregular sampling model in which the alias of the mask is distributed over a band of 
frequencies in the sub-Nyquist range. Furthermore, if undersampling is the explanation for the 
results of this study, then masking must occur after spatial sampling. © 1997 Elsevier Science Ltd 
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INTRODUCTION 
In foveal vision, the neural sampling array has sufficient 
density to represent veridically all of the imaged spatial 
frequencies (Campbell & Green, 1965; Campbell & 
Gubisch, 1966; Williams, 1985). However, this is not true 
in the periphery where spatial frequencies well above the 
peripheral neural sampling limit are imaged by the eye's 
optics, provided any refractive rrors are well corrected 
(Still, 1989; Williams et al., 1996). Psychophysical 
evidence confirms that gratings beyond the Nyquist 
frequency of the retinal sampling mosaic are visible as 
low-frequency aliases of the stimulus which misrepre- 
sents the spatial structure (Williams, 1985; Coletta & 
Williams, 1987; Williams & Coletta, 1987; Smith & 
Cass, 1987a; Thibos et al., 1987a; Thibos et al., 1987b; 
Galvin & Williams, 1992; Anderson et al., 1996; He & 
MacLeod, 1996; Thibos et al., 1996; Wang et al., 1997) 
and motion (Smith & Cass, 1987b; Anderson & Hess, 
1990; Coletta et al., 1990, 1993; Anderson et al., 1995; 
Artal et al., 1995; Galvin et al., 1996; Wang et al., 1996) 
of the true stimulus. Therefore, unlike the normal fovea, 
both adequately sampled and undersampled frequencies 
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can co-exist as veridical and aliased components, 
respectively, in the neural image in the peripheral retina. 
This raises the general question to be addressed: "How do 
sub- and supra-Nyquist frequencies interact with each 
other in peripheral vision?" 
There is some evidence to suggest that aliasing is not 
visible in peripherally viewed edges or square-wave 
gratings (Galvin & Williams, 1992). Although there are a 
number of possible explanations for this observation 
(Williams, 1992), it raises the possibility that sub- 
Nyquist components of complex stimuli may mask the 
visibility of supra-Nyquist components. We have re- 
cently shown that high frequency gratings beyond the 
retinal Nyquist limit may still be visible in the presence of 
sub-Nyquist components, provided their contrast is high 
enough (Wang et al., 1997). Nevertheless, the presence of 
sub-Nyquist frequencies does elevate the contrast thresh- 
old for detecting supra-Nyquist gratings, which led Wang 
et al. (1997) to conclude that sub-Nyquist gratings mask 
the visibility of supra-Nyquist gratings. This masking 
effect can be strong enough to render invisible the 
aliased, higher harmonics of a square-wave, which helps 
explain why sine- and square-wave gratings cannot be 
discriminated in peripheral vision (Galvin & Williams, 
1992). 
In the present study, we ask if the converse is also true: 
can aliased supra-Nyquist gratings affect he detectability 
of veridically perceived sub-Nyquist gratings? There is 
some indication from earlier studies that aliased supra- 
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Nyquist stimuli will be unable to mask the detection of 
sub-Nyquist tests. For example, both foveal and periph- 
eral contrast discrimination studies using sub-Nyquist 
gratings (Campbell & Kulikowski, 1966; Bradley & 
Ohzawa, 1986; Legge & Kersten, 1987) indicate that, in 
order to get effective masking, the mask contrast needs to 
be at least 5-times its own detection threshold when 
masking a stimulus of same orientation and spatial 
frequency. When test and mask differ in orientation and 
spatial frequency, mask contrast must be even higher to 
have an effect (Campbell & Kulikowski, 1966; Wilson et 
al., 1983, Phillips & Wilson, 1984; Swanson & Wilson, 
1985). Since contrast hresholds for aliased gratings in 
the periphery are typically greater than 20% (Thibos et 
al., 1996), the above studies would predict hat a supra- 
Nyquist grating contrast would have to be more than 
100% in order to be an effective mask. Since this is 
physically impossible, and if masking by supra-Nyquist 
stimuli obeys the same rules as sub-Nyquist masking, 
then we expect o find that supra-Nyquist gratings will be 
unable to mask sub-Nyquist gratings. 
To test this hypothesis, we investigated the effect of 
supra-Nyquist gratings on the contrast detection thresh- 
olds of simultaneously presented sub-Nyquist gratings by 
using a masking paradigm. The results demonstrated that, 
contrary to predictions, high contrast supra-Nyquist 
gratings present significant masking effects on sub- 
Nyquist gratings. 
METHODS 
Experiments 
Three experiments were conducted on three subjects 
using a temporal three-alternative, forced-choice (3AFC) 
paradigm. Details of the experimental method have been 
published (Wang et al., 1997). In the first experiment, the 
mask was a 6 c/deg vertical grating, and the test was a 
2 c/deg vertical grating. Compound grating stimuli were 
formed by superimposing test and mask linearly in peaks- 
subtract phase. The mask contrasts used in the experi- 
ment were 0, 5, 10, 20, 40, 60 or 80%. 
In the second experiment, both mask and test were 2 
c/deg vertical gratings. Mask contrasts were 0, 5, 10, 20, 
40% or the threshold contrast of the mask. Compound 
gratings were formed by superimposing test and mask in 
phase. 
In the third experiment, the mask was a 2 c/deg vertical 
grating, and the test was a 6 c/deg vertical grating. Mask 
contrasts were 0, 5, 10, 20, 40, 60, or 80%. Compound 
gratings were formed by adding test and mask together in 
peaks-subtract phase. 
Estimation of Nyquist limit of neural sampling array 
In order to study the interaction between sub- and 
supra-Nyquist spatial frequency components, it is 
essential to obtain a reasonable estimate of the subject's 
Nyquist limit for the neural sampling array used in this 
study. The methods for estimating the Nyquist limit were 
reported in detail previously (Wang et al., 1996, 1997). 
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FIGURE 1. Examples of psychometric functions obtained from subject 
YZW at 20 deg horizontal nasal field, illustrating the masking effect 
(curves hift right) of a 6 c/deg supra-Nyquist vertical grating on 2 
c/deg sub-Nyquist vertical test gratings. Circles, squares and triangles 
represent percent correct responses to test contrast with 0, 20 and 40% 
mask contrasts, respectively. Curves are Weibull functions fit to the 
data points. 
RESULTS 
The estimated Nyquist limits at 20deg in the 
horizontal nasal field are shown in Table 1 of Wang et 
al. (1997) for our three subjects. The average stimates 
were from 3.3 to 3.8 c/deg, so that a 6 c/deg grating was 
clearly supra-Nyquist, while a 2 c/deg grating was clearly 
sub-Nyquist. Since the estimated Nyquist limits are lower 
than the anatomical Nyquist frequency of the photo- 
receptor mosaic (Curcio et al., 1990), the sampling limit 
in our experiments must be postreceptoral. 
Figure 1 shows examples of psychometric functions 
obtained from subject YZW in the first masking 
experiment, where tests were sub-Nyquist (2 c/deg) and 
masks were supra-Nyquist (6c/deg). With the increase of 
mask contrast, psychometric functions for detection of 
the sub-Nyquist test grating shift to the right, indicating 
elevation of test thresholds. These results demonstrate 
that high contrast, supra-Nyquist gratings can have a 
masking effect on the detection of sub-Nyquist gratings. 
Since the mask caused the psychometric function to shift 
parallel to the abscissa without changing slope signifi- 
cantly, the masking effect could be summarized by a 
change in contrast hreshold (i.e., contrast for which 
performance corresponds to 75% correct). 
The contrast hresholds of sub-Nyquist test gratings 
were interpolated from psychometric functions of the 
kind illustrated in Fig. 1 for different mask contrasts in 
the first masking experiment. The results are shown for 
each of three subjects by the circles in Fig. 2, where these 
interpolated contrast thresholds of test gratings are 
plotted as functions of mask contrast. Both test and mask 
contrast axes indicate absolute contrast. The results from 
three subjects [Fig. 2(a)-(c)] are very similar. The 
average unmasked contrast hreshold for 2 c/deg sub- 
Nyquist gratings was 1.5%, which increased to about 4% 
when a high-contrast, supra-Nyquist mask was present. 
Two additional control experiments were conducted in 
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FIGURE 2. Masked contrast hresholds of test grating are plotted as 
functions of mask contrast for three subjects. Circles are contrast 
thresholds for 2 c/deg test gratings with supra-Nyquist mask (6 c/deg). 
Squares are data from the contrast discrimination experiment (both 
mask and test were 2 c/deg sub-Nyquist gratings). Triangles are 
contrast hresholds for 6 c/deg supra-Nyquist test grating with 2 c/deg 
sub-Nyquist mask. All gratings were vertical. Test location was at 
20 deg horizontal nasal field. Error bars in (c) are + 1 SEM of five 
measures. 
order to compare the effect of supra-Nyquist masking 
with that of sub-Nyquist masking at the same retinal 
location. In one control experiment ( he second masking 
experiment), both mask and test were 2 c/deg sub- 
Nyquist vertical gratings. This control experiment was 
performed in order to determine the largest expected 
masking effect upon a 2 c/deg test target. In the other 
control experiment ( he third masking experiment), the 
mask was a sub-Nyquist grating (2 c/deg) which was 
known from a previous tudy (Wang et al., 1997) to exert 
a measurable masking effect on a supra-Nyquist test 
grating (6 c/deg). Parallel shifts of psychometric func- 
tions to the right with increasing mask contrast were also 
observed in the two control experiments ( ee Wang et al., 
1997 for details). Therefore, the contrast hresholds of 
test gratings were interpolated from psychometric func- 
tions for different mask contrasts in the two control 
experiments, and the results are also shown in Fig. 2 
(squares for Experiment 2, triangles for Experiment 3). 
When tests and masks have the same sub-Nyquist 
spatial frequency (2 c/deg) and orientation (vertical), 
contrast threshold curves (square symbols in Fig. 2) show 
the similar dipper-shaped contrast discrimination func- 
tion to those found in the previous tudies of sub-Nyquist 
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FIGURE 3. The data of Fig. 2 are plotted in the normalized contrast 
scale. Masked contrast threshold (Thh) of test grating and mask 
contrast are divided by the contrast hreshold of test and the contrast 
threshold of mask, respectively. A normalized contrast of 1 
corresponds to the contrast at detection threshold. Symbols have the 
same meaning as in Fig. 2. 
masking in the periphery (Bradley & Ohzawa, 1986; 
Legge & Kersten, 1987). Contrast hresholds for the test 
grating were minimum when mask contrasts were similar 
to the test threshold but increased approximately linearly 
with increases in masking contrast. 
When tests and masks have different spatial frequen- 
cies (2 and 6 c/deg), no dipper-shaped functions were 
observed. The absence of a dipper function when test and 
mask frequencies are very different has been reported for 
sub-Nyquist masking (Legge & Foley, 1980; Swift & 
Smith, 1983). Although there is no "dip", contrast 
thresholds of tests were clearly elevated with supra- 
threshold mask contrasts. The shapes of contrast thresh- 
old curves obtained in Experiments 1 (circles) and 3 
(triangles) are very similar, despite the fact that thresh- 
olds for 6 c/deg tests are about 14 times higher than those 
for 2 c/deg tests (Fig. 2). 
To simplify the data interpretation and permit 
comparison across stimulus conditions, the results are 
plotted in normalized contrast scales (Fig. 3). The 
normalized contrast hreshold for a test grating is the 
ratio of masked threshold to the unmasked threshold of 
the test, and the normalized mask contrast is the ratio of 
physical mask contrast o the contrast hreshold of the 
mask (Bradley & Ohzawa, 1986). 
When the mask was supra-Nyquist (6 c/deg) and test 
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was sub-Nyquist (2 c/deg), the curves in Fig. 3 (circles) 
show that aliased gratings which are only slightly supra- 
threshold are powerful maskers of sub-Nyquist est 
gratings. For example, a 60% contrast supra-Nyquist 
mask, which is less than 3-times detection threshold for 
the mask alone, doubles the contrast threshold for the 
sub-Nyquist test grating. The results from the contrast 
discrimination control experiment (squares in Fig. 3) 
indicate that to obtain an equivalent masking effect on 
this 2 c/deg test by an optimal 2 c/deg sub-Nyquist mask 
requires a mask contrast 4.5- (or larger) times its own 
threshold. If a 2 c/deg test and mask are presented at the 
fovea, mask contrast must be 8-times or more its own 
threshold to get the effect of doubling the threshold of the 
test (Legge & Kersten, 1987). 
When tests were supra-Nyquist and aliased (6 c/deg) 
and masks were sub-Nyquist (2 c/deg), the contrast 
thresholds of the test gratings (triangles in Fig. 3) were 
elevated by the mask, but the masking effect is much less 
than that when tests were also sub-Nyquist (compare 
squares and triangles in Fig. 3). The sub-Nyquist mask 
has to be 40-times its own contrast threshold in order to 
double the threshold for the supra-Nyquist test. From this 
point of view, the aliased test targets are much more 
robust o the sub-Nyquist mask (triangles) than are sub- 
Nyquist argets to aliased masks (circles). 
DISCUSSION 
This study demonstrates significant interactions be- 
tween supra-Nyquist and sub-Nyquist patial frequencies 
in peripheral vision. Contrary to predictions based on 
previous sub-Nyquist masking experiments, we found 
that high frequency aliased gratings with contrasts just a 
few times threshold can have a powerful masking effect 
on sub-Nyquist resolved gratings. These unexpected 
results have several implications for the processing of 
spatial information by the peripheral retina. 
In the familiar sub-Nyquist domain, a 6 c/deg mask 
would have caused less masking (when scaled by 
threshold) on a 2 c/deg test than would a 2 c/deg mask. 
This is because test and mask are separated by 2 octaves 
in the former case, whereas the maximum asking effect 
occurs in the latter case, when test and mask have about 
the same spatial frequency (Wilson et al., 1983; Swanson 
& Wilson, 1985; Legge & Kersten, 1987). On the 
contrary, the present results from the supra-Nyquist 
domain show that, when normalized by mask threshold, 
the 6 c/deg mask produces a greater masking effect on a 
2 c/deg test than does a 2 c/deg mask. Possible explana- 
tions for the surprisingly strong masking effect of high 
spatial frequencies in the supra-Nyquist domain of 
peripheral vision are considered next. 
*The prediction is not as simple for a two-dimensional analysis, in
which the orientation f the stimulus relative to the array becomes a 
significant factor. Nevertheless, the important point is that he alias 
must be significantly below the Nyquist frequency. 
Aliasing hypothesis 
Although aretinal stimulus may lie beyond the Nyquist 
frequency of the sampling array, the frequency of the 
corresponding eural image will necessarily be less than 
the Nyquist frequency. A simple model of sampling by a 
regular, one-dimensional array with Nyquist frequency N 
would predict hat a stimulus of frequency N + F folds 
down to an alias frequency of N - F (Bracewell, 1978). 
For example, in the present experiments we have 
estimated that N is about 4 c/deg for the peripheral test 
location [see Table 1 of Wang et al. (1997)], in which 
case a 6 c/deg grating would fold down to about 2 c/deg.* 
At first glance, this down-shifting in spatial frequency 
would seem to account for the strong masking effect of a 
high contrast, supra-Nyquist grating, since the effective- 
ness of a masking stimulus is generally thought to depend 
upon its contrast relative to threshold at the same spatial 
frequency (Legge & Foley, 1980; Bradley & Ohzawa, 
1986; Legge & Kersten, 1987). Although asupra-Nyquist 
grating may be only slightly above threshold for the 
physical frequency of the stimulus, the same grating 
could be far above threshold for the lower spatial 
frequency of the alias. In the present experiments, for 
example, a6 c/deg masking rating with 60% contrast is 
less than 3-times its own threshold, but when folded 
down to a low frequency alias the same grating contrast is
30-times threshold for a 2 c/deg target (Fig. 2). Conse- 
quently, the alias would emerge as a powerful mask of 
sub-Nyquist targets. 
There is some experimental support for the above 
account. Sketches of gratings beyond the resolution limit 
clearly show that spatial aliases of supra-Nyquist imuli 
viewed eccentrically appear to have much lower spatial 
frequency than is actually present and appear less 
structured (Thibos & Bradley, 1993). Similar observa- 
tions were reported by our subjects in this study. By this 
line of reasoning, a 6 c/deg stimulus should behave 
visually as if it were a 2 c/deg stimulus. This means that 
not only should a high contrast 6 c/deg mask be a 
powerful masker of a 2 c/deg test, but also that a 6 c/deg 
test should have the same threshold as a 2 c/deg test. The 
immediate consequence of this last prediction is that the 
shape of the contrast sensitivity function in the aliasing 
zone beyond the Nyquist limit should be the mirror image 
of that portion of the function lying below the Nyquist 
limit. To test his prediction experimentally, wemeasured 
the contrast sensitivity function for one of our subjects 
(YZW) for the detection of gratings placed 20 deg in the 
horizontal nasal field. The results, shown in Fig. 4, are 
similar to those reported previously (Thibos et al., 1996). 
Clearly the contrast sensitivity function is not symmetric 
about the Nyquist frequency and therefore the simple 
explanation provided above based solely on under- 
sampling must be rejected. Presumably other factors, in 
addition to undersampling, must contribute to the 
relatively strong masking effect of supra-Nyquist grat- 
ings on sub-Nyquist targets. In the following sections we 
consider several possibilities. 
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FIGURE 4. Undersampling causes 6 c/deg frequency to fold down to 2 c/deg. Circles are contrast sensitivity measured from 
subject YZW at 20 deg horizontal nasal field. The dotted curve is the prediction of contrast sensitivity by a postsampling 
filtering model (see text for detailed escription). The solid curve is consistent with a presampling filtering model. 
Spatial metamers 
The preceding arguments rest on the assumption that 
two neural images of the same spatial frequency and 
contrast, one veridical and the other an undersampled 
alias, must have equivalent visual effects. In color vision, 
two stimuli of different spectral content which produce 
identical sensations of hue, saturation, and brightness are 
called metamers. By analogy, it will be convenient to 
introduce the term spatial metamers to denote sub- and 
supra-Nyquist stimuli which produce identical visual 
effects. In the present context, the implication is that 
spatial metamers must be equally detectable and have 
equal masking effects. The puzzle which has resulted 
from our study is that although we might reasonably 
assume that gratings at 2 and 6 c/deg are spatial metamers 
when presented at threshold contrast, the unequal 
masking effects obtained at threshold and at equal 
multiples of threshold lead us to conclude that the 
corresponding masking stimuli are not spatial metamers: 
when equally detectable they are not equally effective 
masks of a 2 c/deg test. The challenge before us, 
therefore, is to understand how supra-threshold and 
supra-Nyquist gratings subjectively appear like low 
frequency aliases (Thibos & Bradley, 1993), have the 
masking ability expected from a low frequency alias (Fig. 
3), but still exhibit detection thresholds that we might 
expect if there was no folding down of energy to lower 
spatial frequencies (Fig. 4). 
Presample filtering 
The spatial filtering effects of the eye's optical system 
and of spatial integration over neural receptive fields are 
obvious omissions from the undersampling model 
described above. Perhaps a combination of spatial 
filtering and undersampling could account for our 
paradoxical results. In discussing this possibility, first 
we will consider the case of spatial filtering prior to the 
sampling operation, which includes the case of an array 
of sampling neurons which integrate linearly across their 
receptive fields (Thibos & Bradley, 1995). Later we will 
deal with the alternative case of postsampling filtering. 
In principle, apresampling filter (e.g., the eye's optical 
system) could explain the departure from mirror 
symmetry found in the contrast sensitivity function of 
Fig. 4. The rationale for this claim is illustrated in Fig. 5, 
which depicts two gratings at threshold contrast, one 
below the Nyquist frequency with a physically lower 
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FIGURE 5. Graphic illustration of a presampling filtering model 
showing that a high contrast supra-Nyquist grating (b) and a low 
contrast sub-Nyquist grating (a) can both produce postsampling signals 
of equal spatial frequency and amplitude (f) and (g). The presampling 
filter attenuates the contrast of the supra-Nyquist ignal more, thus the 
inputs to the sampling array (e) are the same for both sub-Nyquist (c) 
and supra-Nyquist (d) signals. The sub-Nyquist spatial frequency is 
represented veridically (f), whereas the supra-Nyquist ignal becomes 
low frequency alias (g). 
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contrast and one above with a physically higher contrast. 
A low-pass filter attenuates the contrast of the higher 
frequency grating more, thus achieving an equalization of 
contrast in the neural images of these two stimuli prior to 
the sampling operation. If the supra-Nyquist imulus is 
assumed to alias as the sub-Nyquist stimulus, then the 
two neural images, once sampled, would be indistin- 
guishable and therefore must be spatial metamers. This 
model shows that presampling filtering renders these 
physically unequal stimuli to both be at threshold for 
detection, which corresponds to the non-symmetric 
contrast sensitivity function indicated by the solid curve 
in Fig. 4. However, if this is true, then multiplying the 
physical contrasts of these two stimuli by the same factor 
should not disturb their metameric match. Thus, we 
should predict hat supra-threshold versions of these two 
stimuli should have identical masking effects when 
scaled by their own thresholds, which they do not (Fig. 
3). 
This discussion reveals the logical difficulty of 
supposing that the low frequency alias of an under- 
sampled grating can simultaneously bea powerful mask 
and a weak stimulus. Evidently, whatever factors are 
responsible for our observers' poor contrast sensitivity 
for supra-Nyquist gratings in peripheral vision do not 
seem to attenuate the masking effects of these stimuli to 
the same degree. It follows that the paradoxical results of 
this study cannot be explained by the simple model of 
presample filtering depicted in Fig. 5. 
Postsample filtering 
A simple model based on postsampling filtering also 
fails to explain the strong masking effect of high spatial 
frequencies in the supra-Nyquist domain of peripheral 
vision. Consider Fig. 6, which depicts two stimuli of the 
same physical contrast but different spatial frequencies. 
In the absence of filtering prior to sampling, the sampling 
operation produces discrete neural images with identical 
spatial frequency and contrast. Since any subsequent 
spatial filter must attenuate both of these discrete neural 
images to the same extent, this model predicts that 
metameric stimuli will have equal physical contrast. 
Thus, just like the no-filter model discussed above, a 
postsampling filter model predicts a mirror-symmetric 
contrast sensitivity function. Since this prediction is 
contradicted by the experimental evidence, the model 
must be rejected. 
Irregular sampling 
From the preceding discussion we conclude that simple 
models based on linear filtering and undersampling by 
regular arrays of equally spaced neural elements cannot 
explain how gratings of different frequency could be 
metameric for detection, but not for masking. Instead, 
what seems to be needed is an explanation which exploits 
the differences between detection and masking. For 
example, it is known that sub-threshold summation of the 
Fourier components of complex stimuli occurs over a 
much narrower ange of spatial frequencies and orienta- 
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FIGURE 6. Graphic illustration ofa postsampling filtering model. (a) 
Is a sub-Nyquist grating; and (b) is a supra-Nyquist grating. They have 
the same physical contrast. (c) Represents a regular sampling array. 
Since no presampling filtering occures, the sampling operation 
produces discrete neural images with identical spatial frequency and 
contrast (d) and (e). Any subsequent spatial filter must attenuate both 
of these discrete neural images to the same xtent (f) and (g). This 
model predicts a mirror-symmetric contrast sensitivity function 
(shown by dotted line in Fig. 4). 
tions for detection than for masking (Campbell & 
Kulikowski, 1966; Switkes et al., 1988). This behavior 
is relevant in the present context if we abandon the 
assumption that the sampling array forms a perfect lattice 
in favor of a more plausible biological model with some 
degree of irregularity. Irregular sampling reduces the 
neural contrast of a sampled grating and at the same time 
introduces a broad spectrum of new spatial frequencies 
into the sampled signal which are not present in the 
original stimulus (French et al., 1977; YeUott, 1982; 
Williams & Coletta, 1987). Furthermore, there is 
evidence showing that the sensitivity of the visual system 
to two-dimensional band-limited noise is much less than 
that to sine-wave gratings for spatial frequencies beyond 
the peak of grating contrast sensitivity function (Koen- 
derink & Van Doom, 1974). If we assume (see the 
Appendix) that the effects of irregular sampling are more 
pronounced for undersampled gratings than for over- 
sampled gratings in human vision, then the following 
explanation of our results can be offered. 
The energy of a supra-Nyquist grating sampled by an 
irregular mosaic is dispersed over a wide range of lower 
frequencies and orientations and therefore will not be 
detected with the same efficiency as sub-Nyquist 
gratings. The result is reduced contrast sensitivity over 
the aliasing portion of the spatial frequency spectrum, 
which is consistent with the results of the present study. 
However, because masking is more robust to spectral 
dispersion, a supra-Nyquist grating will continue to be a 
powerful masker of sub-Nyquist targets. The end result is 
an aliased pattern which is difficult to detect but is 
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nevertheless a powerful mask when displayed with supra- 
threshold contrast. 
In summary, our explanation for the puzzling results of 
this study postulates that the neural array which under- 
samples the retinal image is irregular, thus casting the 
stimulus energy over a broad region of the two-dimension 
Fourier domain. The masking effect of such images is 
due to a mechanism which integrates a larger fraction of 
this energy than does the mechanism responsible for 
detection. We can estimate the relative bandwidth (in two 
dimensions) of energy integration for these two mechan- 
isms as follows. 
Our results show that the contrast detection threshold 
of a 6 c/deg supra-Nyquist grating is about 14-times that 
of a 2 c/deg sub-Nyquist grating. However, when 
performing as a mask which doubles the detection 
threshold of a 2 c/deg test grating, the contrast of a 
6 c/deg mask is about 6-times that of a 2 c/deg mask. In 
other words, using the 2 c/deg grating as the standard for 
comparison, we found that a 6 c/deg supra-Nyquist 
grating is at least twice as strong as a mask than as a 
test. This result suggests that the bandwidth of energy 
integration for the aliased frequencies of a 6 c/deg grating 
may be 2-times larger for masking than for detection. 
The irregular undersampling model implies that the 
masking must occur in the brain, rather than the eye, 
since the retinal ganglion cells have been identified as the 
sampling array which limits peripheral resolution (Thibos 
et al., 1987a). Masking at cone sampling level cannot 
explain our results because both the test and mask 
frequencies used in our study are well below the cone 
mosaic Nyquist limit at the test eccentricity (Curcio et al., 
1990). As argued above, a presampling model of masking 
is incompatible with our experimental results. 
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APPENDIX 
10, 
6. 
4. 
O. 
French et al. (1977) used Monte Carlo methods to quantify the 
degradation of image contrast due to irregularity in a one-dimensional 
model of the retinal sampling mosaic. We extended their analysis to the 
case of two-dimensional rrays in order to estimate the magnitude of 
broad-band sampling noise introduced by irregularity. Using numerical 
methods, a sinusoidal grating of unit contrast was impressed upon a 
mosaic of 256 sampling elements arranged in a square array of unit 
spacing. To introduce acontrolled egree of irregularity into the array, 
each sample location was perturbed independently along the x- and y- 
axes by adding samples from a gaussian oise process with standard 
deviation tr (in the unit of the spacing between samples of a regular 
array). To this series of sample values we applied the discrete Fourier 
transform in order to compute the power spectrum as if the sample 
points had been equally spaced. This process was repeated 100 times in 
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FIGURE A1. Power of broadband noise introduced into Fourier 
spectrum of a grating due to sampling irregularity. Independent 
variables of Monte Carlo simulation were grating spatial frequency and 
standard eviation tr of a gaussian oise source used to perturb sample 
locations of a square lattice of unit spacing for which Nyquist 
frequency =0.5. 
order to compute the average power spectrum. The result confirmed the 
presence of the grating stimulus plus broad-band spectral noise. The 
integrated power spectrum, less the harmonic power of the grating, was 
taken as a metric of the amount of noise introduced by sampling 
irregularity. We computed this metric for a range of irregularity values 
(from a = 0 for a regular array to a = 0.5 for a random array) and a 
range of spatial frequencies (from 0 to twice the Nyquist limit of the 
regular lattice). The results, shown in Fig. A1, confu'm that the amount 
of noise introduced by irregularity in the sampling mosaic increases 
with the degree of irregularity and is significantly greater for supra- 
Nyquist frequencies than for sub-Nyquist frequencies at any fixed 
value of irregularity. 
